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Does quantum theory apply at all scales, in-
cluding that of observers? A resurgence of inter-
est in the long-standing Wigner’s friend paradox
has shed new light on this fundamental question.
Here—building on a scenario with two separated
but entangled “friends” introduced by Brukner—
we rigorously prove that if quantum evolution
is controllable on the scale of an observer, then
one of the following three assumptions must be
false: “No-Superdeterminism”, “Locality”, or
“Absoluteness of Observed Events”(i.e. that
every observed event exists absolutely, not rela-
tively). We show that although the violation of
Bell-type inequalities in such scenarios is not in
general sufficient to demonstrate the contradic-
tion between those assumptions, new inequalities
can be derived, in a theory-independent manner,
which are violated by quantum correlations. We
demonstrate this in a proof-of-principle experi-
ment where a photon’s path is deemed an ob-
server. We discuss how this new theorem places
strictly stronger constraints on quantum reality
than Bell’s theorem.
INTRODUCTION
Wigner’s friend1 is a thought experiment that illus-
trates what is perhaps the thorniest foundational prob-
lem in quantum theory: the measurement problem2,3. In
a nutshell, the problem is how to reconcile the two rules
for state evolution found in every textbook on quantum
mechanics: the (unitary, deterministic) evolution of iso-
lated systems, and the (non-unitary, probabilistic) state
update after a measurement (the “collapse” of the wave
function). In the thought experiment, we consider an ob-
server (the “friend”) who performs a measurement on a
quantum system inside an isolated laboratory. In accor-
dance with the state-update rule, the friend assigns the
eigenstate corresponding to their observed outcome to
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the measured system. Meanwhile, Wigner, who is out-
side the laboratory, takes the perspective of a superob-
server, describing the isolated laboratory and all of its
contents as a unitarily evolving quantum state, in accor-
dance with the first rule. This process, however, leads
to a quantum state that does not ascribe a well-defined
value to the outcome of the friend’s observation, in ap-
parent contradiction with the friend’s perspective.
Although decoherence can “save the appearances” by
explaining the suppression of quantum effects at the
macroscopic level, it cannot solve the measurement prob-
lem: “We are still left with a multitude of (albeit indi-
vidually well-localized quasiclassical) components of the
wave function, and we need to supplement or otherwise
to interpret this situation in order to explain why and
how single outcomes are perceived”2. Proposed resolu-
tions have radical implications: they either reject the
idea that measurement outcomes have single, observer-
independent values4–7, or postulate faster-than-light8,9 or
retrocausal effects10,11 at a hidden-variable level. Alter-
natively, some theories postulate mechanisms to avoid
macroscopic superpositions, such as modifications to uni-
tary quantum dynamics12 or gravity-induced collapse13.
Here we rigorously demonstrate that radical revisions of
such types are in fact required.
Our work is inspired by the recent surge of renewed in-
terest in the Wigner’s friend problem14–20. In particular,
Brukner14 introduced an extended Wigner’s friend sce-
nario (EWFS) with two spatially separated laboratories,
each containing a friend, accompanied by a superobserver
who can perform various measurements on their friend’s
laboratory. Each friend measures half of an entangled
pair of systems, establishing correlations between the re-
sults of the superobservers’ subsequent measurements.
In the context of this EWFS, Brukner14,15,20 consid-
ered three assumptions, namely: Freedom of Choice,
Locality (in the sense of “parameter independence”21)
and Observer-Independent Facts (OIF). The last
of these means that propositions about all observables
that might be measured (by an observer or a super-
observer) are “assigned a truth value independently of
which measurement Wigner performs”14. In other words,
OIF is equivalent to the assumption of Kochen-Specker
noncontextuality22,23 (KSNC). From these assumptions,
Brukner derived a Bell inequality for the correlations of
the superobservers’ results, which could be violated in
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2quantum mechanics (if the superobservers could suitably
manipulate the quantum state of the observers). A recent
six-photon experiment17, using a setup where the role
of each friend is played by a single photon, successfully
violated such a Bell inequality derived from Brukner’s
assumptions.
However, while the EWFS background for this result
was novel, the derived Bell inequality can be obtained
from the assumptions of Freedom of Choice and
KSNC, without considering the friends’ observations,
and without using Locality (which follows from Bell’s
stronger notion of Local Causality24, which in turn
follows from KSNC in any Bell scenario25). Further-
more, the Kochen-Specker theorem22 already establishes
that KSNC + Freedom of Choice leads to contradic-
tions with quantum theory. As discussed in refs.19,20,26,
this casts doubt on the implications of Brukner’s the-
orem with regard to any assumption specifically about
the objectivity of the friends’ observations—one can re-
spond to Brukner’s theorem simply by maintaining that
“unperformed experiments have no results”27.
In this paper we derive a new theorem, building on
Brukner’s EWFS, that uses metaphysical assumptions
(i.e. assumptions about physical theories) that are strictly
weaker than does Bell’s theorem, or Kochen-Specker con-
textuality theorems, and which thus opens a new di-
rection in experimental metaphysics. Our first two as-
sumptions are, as per Brukner, Freedom of Choice
(which we make more formal using the concept of “No-
Superdeterminism” defined in Ref.24), and Locality
(in the same sense as Brukner; see also Ref.24). Our third
assumption is Absoluteness of Observed Events
(AOE), which is that an observed event is a real sin-
gle event, and not relative to anything or anyone. Note
that, unlike OIF, AOE makes no claim about hypothet-
ical measurements that were not actually performed in
a given run. Note also that AOE is necessarily (though
often implicitly) assumed even in standard Bell experi-
ments24. For convenience, we will call the conjunction of
these three metaphysical assumptions Local Friendli-
ness (LF). This enables us to state our theorem:
Theorem 1. If a superobserver can perform arbitrary
quantum operations on an observer and its environment,
then no physical theory can satisfy Local Friendliness.
By a “physical theory” we mean any theory that cor-
rectly predicts the correlations between the outcomes ob-
served by the superobservers Alice and Bob (see Fig. 1),
who can communicate after their experiments are per-
formed and evaluate those correlations. The proof of
Theorem 1 proceeds by showing that Local Friend-
liness implies a set of constraints on those correlations
(that we call LF inequalities) that can in principle be
violated by quantum predictions for an EWFS scenario.
Thus, like Bell’s theorem and Brukner’s theorem, our
theorem is theory-independent; we use (like Bell and
Brukner) quantum mechanics as a guide for what may
be seen in experiments, but the metaphysical conclusions
Fig.1. Concept of the extended Wigner’s friend sce-
nario. The friends, Charlie and Debbie, measure a pair of
particles prepared in an entangled state, producing outcomes
labelled by c and d, respectively (from their perspective). The
superobservers, Alice and Bob, perform space-like separated
measurements labelled by x and y, with outcomes labelled by
a and b, on the entire contents of the laboratories containing
Charlie and Debbie, respectively.
hold for any theory if those predictions are realized in the
laboratory. (This is unlike the theorem of Ref.16, which
is a statement about the standard theory of quantum
mechanics.) Note also that, unlike in Brukner’s theorem,
all three assumptions going into LF are essential for the
theorem, and so are the friends’ observations.
For the specific EWFS Brukner considered—
involving two binary-outcome measurement choices
per superobserver—the set of correlations allowed by our
assumption of LF is identical to the set allowed by the
assumptions of Bell’s theorem, commonly referred to as
the Local Hidden Variable (LHV) correlations. However,
in general, LF and LHV do not give identical constraints.
Indeed, already for a slightly more complicated EWFS
with three binary-outcome measurement choices per
superobserver, we show that the set of LF correlations is
a strict superset of the set of LHV correlations. More-
over, it is possible for quantum correlations to violate a
Bell inequality (an inequality bounding the set of LHV
correlations) while satisfying all of the LF inequalities.
We also prove that the new LF inequalities we derive can
nevertheless be violated by quantum correlations. We
demonstrate these facts in an experimental simulation
where the friends are represented by photon paths.
3We now proceed to explain the background theory in
more detail, before presenting our results and discussing
their implications.
Wigner’s friend thought experiment
In the Wigner’s friend thought experiment1 an ob-
server, whom we call the friend, performs a measure-
ment on a quantum system S. The friend is assumed
to be inside a laboratory that can be coherently con-
trolled by a second experimenter, Wigner, who is capa-
ble of performing arbitrary quantum operations on the
friend’s laboratory and all of its contents. Although this
may be possible, in principle, it would of course be a truly
Herculean task if the friend were a macroscopic observer
like a human, as we have chosen for our illustrations and
discussions below. For this reason Wigner is often called
a superobserver. However, there is good reason to think
that quantum mechanics would allow control of the type
required if the friend were an artificial intelligence al-
gorithm in a simulated environment running in a large
quantum computer.
Wigner initially assigns a product quantum state
|φ0〉F ⊗ |ψ0〉S to the overall system composed of the
friend, F , and the system, S. For example, the system
may be a spin-1/2 particle, and the friend measures the
operator corresponding to spin projection along the z di-
rection, with eigenstates |↑〉S and |↓〉S .
From Wigner’s perspective, the friend’s measurement
in the z basis is described as a unitary evolution UZ that
correlates the friend (and the display on her measurement
apparatus, etc.) to system S in the appropriate way.
That is, if the initial state of S is |↑〉S , the final state of
the joint system is UZ(|φ0〉F ⊗ |↑〉S) = |up〉F ⊗ |↑〉S , and
likewise UZ(|φ0〉F ⊗ |↓〉S) = |down〉F ⊗ |↓〉S .
An interesting scenario occurs when S is prepared
in a superposition state, for example 1√
2
(|↑〉S + |↓〉S).
Then standard textbook quantum mechanics predicts
that the friend will observe one or another outcome
with equal probability, and the state of the system af-
ter measurement (and that of the friend) will be one
or another of the corresponding states above. On the
other hand, due to the linearity of the unitary map,
from Wigner’s perspective the final joint state will be
|Φ+〉FS = 1√2 (|up〉F |↑〉S + |down〉F |↓〉S). This entangled
state does not assign well-defined values to the states of S
or F separately, and therefore seems to be in direct con-
tradiction with standard textbook quantum mechanics.
This contradiction is called the measurement problem.
Indeed, if Wigner had the control over F that quantum
mechanics in principle allows, then he could measure the
POVM {|Φ+〉〈Φ+|FS , ISF − |Φ+〉〈Φ+|FS}, and he would
always get the outcome corresponding to state |Φ+〉FS ,
confirming Wigner’s state assignment. Had the state of
FS before this measurement been an equal mixture of the
post-measurement states |up〉F⊗|↑〉S and |down〉F⊗|↓〉S ,
Wigner would have obtained, with equal probability, ei-
ther of the above outcomes.
The contradiction arises from the assumptions that (i)
quantum theory is universal and can be applied at any
scale, even to a macroscopic observer, and that (ii) there
is an objective collapse after a measurement18. Thus no
contradiction arises if quantum mechanics does not de-
scribe objects as large as the friend, or if the collapse of
system S is not an objective physical process affecting
the wavefunction described by Wigner.
The latter case poses new questions, however. If wave-
function collapse is not objective, is there nevertheless
an objective fact corresponding to the friend’s observed
outcome? Our Theorem 1 demonstrates a contradic-
tion between the (metaphysical) assumptions of No-
Superdeterminism, Locality and Absoluteness of
Observed Events, and the (empirical) hypothesis that
quantum mechanics is valid, and in principle allows co-
herent operations (such as the above measurements by
Wigner) to be implemented, on the scale of a friend F .
Even though the theorem is theory-independent, we will
use a (universally valid) quantum mechanical formalism
below to make the description of the bipartite scenario
easier to follow, and later abstract from it when deriving
the Local Friendliness inequalities.
The extended Wigner’s friend scenario
We now consider the bipartite version of the Wigner’s
friend experiment that was introduced by Brukner, in-
volving two superobservers, Alice and Bob, and their re-
spective friends, Charlie and Debbie (Fig. 1). Charlie and
Debbie are in possession of systems SA and SB respec-
tively, with associated Hilbert spaces HSA and HSB , and
initially prepared in a (possibly entangled) state ρSASB .
For simplicity, we once again suppose these systems are
spin-1/2 particles. They perform a measurement of the
z-spin of their particles, and we label their outcomes c
and d, respectively (Fig. 1). We denote everything in
Charlie’s lab except SA as system FA, with Hilbert space
HFA , and FB , HFB for Debbie’s lab. According to Al-
ice and Bob, Charlie’s and Debbie’s measurements are
described by unitary evolutions UZA and UZB acting on
HFA ⊗HSA and HFB ⊗HSB , respectively.
In each iteration of the experiment, Alice and Bob
randomly and independently choose one out of N ≥ 2
measurements to be performed in space-like separated
regions subsequent to a space-like hypersurface contain-
ing the measurements of both Charlie and Debbie, as
shown in Fig. 2d. The settings are respectively labelled
x ∈ {1, ..., N} and y ∈ {1, ..., N}, with corresponding
outcomes a and b (we do not assume anything about
the number of possible outcomes at this stage). For
the specific EWFS depicted in Fig. 2, if x = 1, Al-
ice simply opens Charlie’s laboratory and directly asks
him for his outcome c, then assigns her own outcome
as a = c. Within quantum mechanics, Alice’s mea-
4Fig.2. A specific bipartite Wigner’s friend experi-
ment. a, When x = 1, Alice opens Charlie’s laboratory
and asks him his outcome. b, Alternatively, for x = 2, 3, she
may restore the laboratory to a previous state. c, She then
proceeds to ignore Charlie, and performs a measurement di-
rectly on the particle. d, Space-time diagram illustrating the
time ordering of the events within the experiment—C (D) is
Charlie’s (Debbie’s) measurement, X (Y) is the event of Al-
ice’s (Bob’s) choice of measurement setting, A (B) is Alice’s
(Bob’s) measurement.
surement for x = 1 could be described by the POVM
{|c〉〈c|FA ⊗ ISA}c, where |c〉FA represents the state of
Charlie and his lab after seeing outcome c and ISA is the
identity operator on HSA . Hence, by implementing this
simple POVM, Alice’s outcome a takes the same value as
Charlie’s outcome c. For x ∈ {2, ..., N}, Alice performs
a different POVM on HFA ⊗HSA , which involves erasing
Charlie’s measurement record. Bob and Debbie operate
in a similar fashion.
From this experiment we can measure (as frequencies)
the empirical probabilities ℘(ab|xy), using only the infor-
mation available at the end of the experiment, namely,
the values for a, b, x and y. Unless x = 1, all records
for the value of c are erased when Alice performs her
measurement, so in general that information cannot be
accessed at the end of the experiment, and likewise with
the value of d.
RESULTS
Formalization of the Local Friendliness
assumptions
Within a bipartite Wigner’s experiment, what con-
straints do the LF assumptions imply for the probabilities
℘(ab|xy) observed by Alice and Bob for outcomes a and
b, given settings x and y? To determine this rigorously
we need to formalize our three assumptions.
Assumption 1 (Absoluteness of Observed
Events (AOE)). An observed event is a real single
event, and not relative to anything or anyone.
In ref.24, this assumption was called “macroreality”, in
the context of the derivation of Bell inequalities. In an
EWFS, the assumption of AOE implies that in each run
of the experiment—i.e. given that Alice has performed
measurement x and Bob has performed measurement y
on a given pair of systems—there exists a well-defined
value for the outcome observed by each observer, i.e. for
a, b, c and d. Formally, this implies that there exists
a theoretical joint probability distribution P (abcd|xy)
from which the empirical probability ℘(ab|xy) can be ob-
tained while also ensuring that the observed outcomes for
x, y = 1 are consistent between the superobservers and
the friends.
• Absoluteness of Observed Events (in the
EWFS of Fig. 2):
∃ P (abcd|xy) s.t.
i) ℘(ab|xy) = Σc,dP (abcd|xy) ∀ a, b, x, y,
ii) P (a|cd, x = 1, y) = δa,c ∀ a, c, d, y,
iii) P (b|cd, x, y = 1) = δb,d ∀ b, c, d, x.
Here we do not assume that all statements about re-
sults have truth values independently of which measure-
ment ‘Wigner’ (whom we call Alice) performs. Instead,
we note that the assumption of AOE only entails as-
signing truth values to propositions about observed out-
comes. In particular, Alice’s measurement outcome A2
(which in our notation corresponds to the value of a when
she performs measurement x = 2) has a value only when
she performs that measurement. The same holds true for
the measurement outcome A3. However, A1 is different in
that it has a value even when x 6= 1, because it is encoded
in c, which is actually measured by Charlie in every run.
All this is in keeping with Peres’ dictum “unperformed
experiments have no results”27; AOE is the assumption
that performed experiments have observer-independent
(i.e. absolute) results.
As mentioned in the Introduction, the No-
Superdeterminism assumption is a formalization
of the assumption of freedom of choice used in deriva-
tions of Bell inequalities. It is the assumption that
the experimental settings can be chosen freely, that is,
uncorrelated with any relevant variables prior to that
5choice. For added clarity, here we formulate it, following
ref.24 as
Assumption 2 (No-Superdeterminism (NSD)).
Any set of events on a space-like hypersurface is uncor-
related with any set of freely chosen actions subsequent
to that space-like hypersurface.
In the EWFS, this formally implies that c and d are
independent of the choices x and y:
• No-Superdeterminism (in the EWFS and under
assumption 1):
P (cd|xy) = P (cd) ∀ c, d, x, y.
Finally, the assumption of Locality prohibits the in-
fluence of a local setting (such as x) on a distant outcome
(such as b). It is the assumption that Bell in 196428, and
many others subsequently, also called Locality24, and
which Shimony called “parameter independence”21. That
is, in the formalization of ref.24, the assumption that
Assumption 3 (Locality (L)). The probability of
an observable event e is unchanged by conditioning on
a space-like-separated free choice z, even if it is already
conditioned on other events not in the future light-cone
of z.
In the EWFS, this formally implies:
• Locality (in the EWFS and under Assumption
1):
P (a|cdxy) = P (a|cdx) ∀ a, c, d, x, y,
P (b|cdxy) = P (b|cdy) ∀ b, c, d, x, y.
Note that one could alternatively formulate Assump-
tions 2 and 3 as a single, equivalent assumption, which
has previously been coined “Local Agency” in the con-
text of Bell’s theorem24. Within the definitions of L and
NSD, c, d play the formal role of the hidden variables λ
in the usual derivation of Bell inequalities. However, we
emphasize once more that those correspond to observed
events, and note that we make no assumption about hid-
den variables predetermining all measurement outcomes.
We call the set of correlations ℘(ab|xy) that satisfy
Assumptions 1–3 the Local Friendliness correlations.
Properties of LF correlations
Our key findings about the properties of LF correla-
tions are: (a) In general, LF correlations are a superset
of LHV correlations. (b) LF correlations can always be
characterized by a finite set of inequalities. (c) For N = 2
measurement settings and any number of measurement
outcomes, LF correlations are the same as LHV correla-
tions. (d) For N = 3 measurement settings and O = 2
outcomes, we fully characterize the LF correlations by de-
riving the associated inequalities and we show that they
are a strict superset of LHV correlations (as illustrated
in Fig. 3). We now proceed to explain these findings in
some more detail, with the derivations provided in the
Supplementary Information.
(a) In the Supplementary Information (Sec. A), we de-
rive the general form of ℘(ab|xy) for an LF model, from
which it is shown that an LHV correlation for a bipartite
Wigner’s friend scenario will also be an LF correlation.
The opposite is not necessarily true, however. In fact,
in section Quantum Violations, we will show an example
of LF correlations that are not LHV correlations. Thus,
LHV correlations always form a subset of LF correlations.
(b) Next, we tackle the problem of characterizing the
set of LF correlations. In the Supplementary Informa-
tion (Sec. B), we show that in a general scenario with
N measurement settings per party and O outcomes for
each measurement, the set of LF correlations is the con-
vex hull of a finite number of extreme points. Therefore,
it is a convex polytope, and can thus be characterized
using a finite number of linear inequalities.
(c),(d) For the scenario of two measurement settings
(N = 2), we can recover an LHV model for any value
of O (see the Supplementary Information, (Sec. B)). By
contrast, for the scenario of three measurement settings
and binary measurement outcomes (N = 3, O = 2), the
LF polytope is considerably more difficult to construct
than the corresponding LHV polytope. We derive in the
Supplementary Information, (Sec. B), that the set of LF
correlations is a polytope with 932 facets. The facets
can be grouped into 9 inequivalent classes, each repre-
sented by a different inequality (provided in the Sup-
plementary Information, (Sec. B)). These classes can be
further grouped into categories, according to the mea-
surement settings involved, and whether the facets are
Bell facets29. In Table I, we list the categories of LF
facets, ignoring all positivity facets, i.e., the constraints
that probabilities cannot be negative.
We call inequalities that are not facets of the LHV
polytope for this scenario “Genuine LF” inequalities. An
example is
“Genuine LF”:
−〈A1〉 − 〈A2〉 − 〈B1〉 − 〈B2〉
−〈A1B1〉 − 2〈A1B2〉 − 2〈A2B1〉+ 2〈A2B2〉
−〈A2B3〉 − 〈A3B2〉 − 〈A3B3〉 − 6 ≤ 0.
(1)
Here and throughout the remainder of the article, we
use Ax ∈ {+1,−1} as the random variable for Alice’s
outcome a when she chooses setting x, and similarly By.
That is, the expectation values are calculated from the
empirical probabilities ℘(ab|xy).
The Bell I3322 inequalities are a class of facet-defining
Bell inequalities for the case of three binary-outcome
measurement settings per party30, for example
“I3322”:
−〈A1〉+ 〈A2〉+ 〈B1〉 − 〈B2〉
+〈A1B1〉 − 〈A1B2〉 − 〈A1B3〉 − 〈A2B1〉
+〈A2B2〉 − 〈A2B3〉 − 〈A3B1〉 − 〈A3B2〉 − 4 ≤ 0.
(2)
6Label Measurement Settings LF inequality? Bell facet?
Brukner (1 i, 1 j) Yes Yes
Semi-Brukner (1 i, 2 3) Yes Yes
Bell non-LF (2 3, 2 3) No Yes
I3322 (1 2 3, 1 2 3) Yes Yes
Genuine LF (1 2 3, 1 2 3) Yes No
TABLE I. Categorization of LF and Bell inequalities for the scenario of three binary-outcome measurement
settings per party. The labels referring to each inequality are explained in the main text. The column Measurement Settings
refers to the settings that appear in each inequality, with i, j ∈ {2, 3}. The third column specifies whether it is an LF inequality,
and the fourth column specifies whether it is a facet of the Bell polytope. Each category represents inequalities with the same
form up to arbitrary relabeling of measurement settings (for i, j 6= 1), outcomes, and parties.
Brukner’s inequality14 is the Clauser-Horne-Shimony-
Holt (CHSH)-type inequality31.
“Brukner”:
〈A1B1〉 − 〈A1B3〉 − 〈A2B1〉 − 〈A2B3〉 − 2 ≤ 0. (3)
Interestingly, the inequality we call “Semi-Brukner”
has a simpler experimental realization than Brukner’s in-
equality, as it only requires one of the parties to measure
a friend (setting 1), yet its violation also demonstrates
the failure of Local Friendliness.
“Semi-Brukner”:
− 〈A1B2〉+ 〈A1B3〉 − 〈A3B2〉 − 〈A3B3〉 − 2 ≤ 0. (4)
To facilitate a comparison of LF models with LHV
models, we also list the additional category of “Bell non-
LF” in Table I. This is the category of conventional Bell
facets that are not facets of LF. An example is
“Bell non-LF”:
〈A2B2〉 − 〈A2B3〉 − 〈A3B2〉 − 〈A3B3〉 − 2 ≤ 0. (5)
Quantum violations
We now search for quantum violations of the LF in-
equalities. Following the description in section The
Extended Wigner’s Friend Scenario, Charlie and Deb-
bie initially share an entangled state ρSASB of two
qubits. Charlie’s measurement of SA in the basis
{|−1〉SA , |+1〉SA} is described by a unitary UZA acting
on HFA ⊗HSA . Alice’s x = 1 measurement (correspond-
ing to opening the box and asking Charlie what he saw)
can be described by a POVM {|c〉〈c|FA ⊗ ISA}c, where
|c〉FA (c ∈ {−1,+1}) represents the state of Charlie af-
ter seeing outcome c and ISA is the identity operator on
HSA . The theorem makes no assumption about the form
of the measurements that Alice performs for x ∈ {2, 3},
but in our experimental realization, we consider the class
of measurements that reverse the evolution UZA that en-
tangled FA with SA (Fig. 2b), followed by a measure-
ment on SA alone (Fig. 2c). This can be described by a
POVM with elements UZA(IFA ⊗ Ea|xSA )U−1ZA , where IFA
is the identity on HFA and Ea|xSA is the positive operator
Fig.3. A 2-dimensional slice of the space of correla-
tions, illustrating the sets of correlations discussed in
this work. The solid areas depict a hierarchy of models:
Local Hidden Variable28 correlations (LHV, green) are a sub-
set of Local Friendliness correlations (LF, green and orange),
which in turn are a subset of No-Signalling32 correlations (NS,
green and orange and purple). The red line bounds the cor-
relations allowed by quantum theory on this slice. Note that
while the set of quantum correlations include the LHV set, it
does not include the LF set. Further details of this plot are
discussed in the Supplementary Information (Sec. D).
associated with outcome a for measurement x that Alice
performs directly on SA.
Bob’s POVM elements Eb|ySB are defined analogously.
Thus, the maximum violation of the inequalities can be
sought simply in measurements acting on the Hilbert
spaces HSA and HSB ; since Charlie and Debbie start in a
known product state in the Hilbert space of HFA ⊗HFB ,
there is no advantage in considering arbitrary measure-
ments on HFA ⊗HSA and HFB ⊗HSB .
To demonstrate that the set of LF correlations is
strictly larger than the LHV correlations, we are inter-
ested in finding a state and measurement choices such
that a violation of a “Bell non-LF” inequality is exhib-
ited while having no violation in any of the LF inequal-
ities. For reasons of experimental convenience, we con-
7sider two-qubit photon polarization states of the form
ρµ = µ|Φ−〉〈Φ−|+ 1− µ
2
(|HV 〉〈HV |+|V H〉〈V H|) , (6)
where |Φ−〉 = (|HV 〉−|V H〉)/√2, 0 ≤ µ ≤ 1, and H and
V denote horizontal and vertical polarizations, respec-
tively. We restrict ourselves to projective measurements
confined to theXY plane of the Bloch sphere (with states
|H〉 and |V 〉 on the z-axis). In particular, Alice’s mea-
surement results are represented by operators of the form
Ax = 2Π
a=1
x − |H〉〈H| − |V 〉〈V |, with Πa=1x = |φx〉〈φx|
being the projector onto the state
|φx〉 = 1√
2
(|H〉+ eiφx |V 〉) . (7)
Bob’s corresponding operators are chosen to be By =
2Πb=1y − |H〉〈H| − |V 〉〈V |, with Πb=1y = |βy〉〈βy| being
the projector onto
|βy〉 = 1√
2
(
|H〉+ ei(β−φy)|V 〉
)
. (8)
For each value of the tetrad (φ1, φ2, φ3, β), and for each
category in Table I, we find the smallest value of µ for
which one of the inequalities in that category is violated.
We then pick a tetrad (see the caption of Fig. 4) that
makes the gap between these values of µ conveniently
large. For the inequality in each category that is violated
first, we display the values of the left-hand side as a func-
tion of µ in Fig. 4. The specific inequalities used are the
ones previously introduced as the example inequalities of
Eqs. (1–5).
All of the inequalities we consider are violated for some
µ < 1. In addition, we determine the strongest viola-
tions of the Genuine LF inequalities allowed in quantum
theory; those results are provided in the Supplementary
Information (Sec. C).
In summary, if quantum measurements can be coher-
ently performed at the level of observers, quantum me-
chanics predicts the violation of the LF inequalities in
EWFSs. This proves Theorem 1.
Experiment
We study the EWFS with three measurement settings
(N = 3) in an experiment where the systems distributed
between the two laboratories are polarization-encoded
photons, the friends are photon paths within the setup,
and the measurements by the superobservers are photon-
detection measurements. Since the qubit comprised of
the two photon paths that represents each of our friends
would not typically be considered a macroscopic, sen-
tient observer as originally envisioned by Wigner, our
experiment is best described as a proof-of-principle ver-
sion of the EWFS. The experiment lets us demonstrate
the key properties of LF inequalities and its results gen-
eralize provided that quantum evolution is in principle
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Fig.4. Experimental results and theory predictions
for the left-hand sides of various Bell and LF inequal-
ities [inequalities (1–5)]. The dashed line in the plot rep-
resents the bound above which a violation occurs. The solid
lines are theory predictions and the symbols represent ex-
perimental data. The uncertainties for the data points are
calculated from Monte Carlo simulations using 100 samples
of Poisson-distributed photon counts. The theoretical values
of the inequalities were obtained for measurements Ai and Bi
with φ1 = 168◦, φ2 = 0◦, φ3 = 118◦ and β = 175◦ on the
state ρµ of Eq. (6).
controllable on the scale of an observer. A fully rig-
orous demonstration that the LF assumptions are un-
tenable would require, in addition to a more plausible
“observer”, closing separation, efficiency, and freedom-of-
choice loopholes, similarly to the case of Bell inequality
violations33–35.
Our experimental setup, which comprises a photon
source and a measurement section, is illustrated in Fig. 5.
The photon source, shown in the left half of Fig. 5, is de-
signed to generate the quantum state ρµ of Eq. (6) with
a tunable µ parameter. Details about this spontaneous
parametric down-conversion source are provided in Meth-
ods.
The measurement section of the experimental setup,
shown in the right half of Fig. 5, consists of two copies
of an apparatus, one belonging to Alice and Charlie, and
the other to Bob and Debbie. The measurement section
serves two purposes. The first is to perform quantum
state tomography in order to characterize the generated
quantum state. To allow tomography, the motorized mir-
rors are moved out of the beam paths and the measure-
ments are carried out using the last quarter-wave plate
(QWP), half-wave plate (HWP), and polarizing beam
splitter (PBS) on each side. As part of the tomographic
state reconstruction, the known unitary transformations
of the first QWP and the beam displacer (BD) interfer-
ometer are accounted for, such that the quantum state
straight after the fiber is obtained. The typical number
of coincidences collected within a tomography is 22000.
8Fig.5. Experimental setup. The source is depicted on the left-hand side, and the measurement section on the right-hand
side. The desired quantum state is generated via type-I spontaneous parametric down-conversion using two orthogonally
oriented BiBO crystals. The crystals are pumped with a mixture of a diagonally polarized state, coming from the short
arm of the interferometer, and a decohered state, coming from the long arm. In the measurement section, tomography can
be performed when the motorized mirrors are removed such that the photon pairs pass through the beam displacer (BD)
interferometers. The tomography stages also transform into the projective measurement stages of Alice and Bob when the
quarter-wave plates (QWP) are removed. Charlie and Debbie’s projective measurements correspond to the beam paths within
the interferometers, so that Alice and Bob can ask their respective friends for their measurement outcomes by inserting the
motorized mirrors. Abbreviations used: Non-polarizing beam splitter (NPBS), potassium titanyl phosphate (KTP), half-wave
plate (HWP), avalanche photodiode (APD), polarization control (PC), polarizing beam splitter (PBS).
The implemented µ values are estimated by comparing
the reconstructed states with the set of target states ρµ,
and finding the µ values that maximize the fidelity (for
details, see Supplementary Information, Sec. E.).
The second purpose of the measurement section is to
perform the measurements of the four observers Charlie,
Debbie, Alice and Bob. The friend’s projective polariza-
tion measurement result is encoded in the photon path
after the QWP, HWP, and BD1. Alice and Bob can per-
form different POVMs on their respective system+friend,
which depend on their measurement settings and are de-
scribed on pages 4 and 6. When measurement setting 1
is chosen, the motorized mirror is inserted to reveal the
photon path within the interferometer, i.e. after Beam
Displacer 1, and this corresponds to Alice asking Char-
lie his measurement outcome (or Bob asking Debbie on
the other side). This comprises the first of the possi-
ble POVMs, illustrated in Fig. 2a. When measurement
settings 2 or 3 are chosen, Alice (Bob) first reverses Char-
lie’s (Debbie’s) measurement (Fig. 2b) by removing the
mirror between the two beam displacers and thereby clos-
ing the interferometer, and then proceeds to measure the
polarization after the interferometer with the QWP after
BD2 removed (Fig. 2c). This two-step procedure cor-
responds to Alice (Bob) implementing one of her (his)
other two POVMs, depending on which one of two set-
tings of the last HWP is used. Single photons are de-
tected with avalanche photodiodes (APDs) and coinci-
dences are recorded with counting modules. The overall
observed rate of counts in the apparatus is approximately
550 coincidences and 21000 singles per second.
To obtain the expectation values required for the in-
equalities being tested at each µ value, we performed the
nine sets of measurements that arise from combining the
three independent measurement settings on Alice’s and
Bob’s sides. The typical number of counts per measure-
ment set is 91000 coincidences.
The experimental results are shown in Fig. 4. The µ
values cover the full range of interest, from none of the
inequalities being violated (at low µ), to the violation
of all inequalities (at high µ). The experimental data
demonstrates the sequential violations of the Bell non-
LF, Semi-Brukner, and Genuine LF inequalities. The
data points corresponding to µ = 0.80 and µ = 0.81 are
of particular significance, as they demonstrate that it is
possible to violate Bell inequalities without violating any
LF inequalities. (We can be confident of this because we
verified that the remaining 928 LF inequalities are also
9not violated.) This means that the correlations allowed
by an LHV model are a subset of the correlations allowed
by LF assumptions. The case of µ = 0.87 is the first of
the plotted data sets where a contradiction with the LF
assumptions occurs, through the first violation of an in-
equality associated with LF. Finally, the two highest µ
values verify that the genuine LF inequality can also be
violated. All the experimental data points, except for
the case of µ = 0.81, are at least two standard devia-
tions away from 0, thus attesting the violation or non-
violation of the inequalities with statistical significance.
This covers all the different regions we show in terms
of (non-)violation of different inequalities, since the data
set at µ = 0.81 belongs to the same region as µ = 0.80.
Along with the experimental data, the results predicted
for the design measurement directions and input states
of Eq. (6) are shown by the solid lines. We note, how-
ever, that the inequalities are device-independent, there-
fore our conclusions are independent of which states and
measurement directions were actually employed in the
experiment.
DISCUSSION
In this work, we have proven a new theorem,
namely that the joint assumption of Absolute-
ness of Observed Events, Locality and No-
Superdeterminism (which we call Local Friendli-
ness) is incompatible with the empirical predictions of
quantum mechanics if one observer (a “superobserver”)
can manipulate the quantum state ascribed to another
observer (a “friend”).
To establish this, we considered the extended Wigner’s
friend scenario introduced by Brukner14, with two su-
perobservers and two friends. We derived the correla-
tions compatible with the LF assumptions in a theory-
independent manner. We showed that an LF model does
not entail the same correlations as an LHV model. In
particular, we proved that all LHV correlations are LF
correlations, but not vice versa for the case of three mea-
surement choices for each superobserver. We have fur-
ther established that quantum correlations can violate
the new LF inequalities we discovered for this case.
It is interesting to compare the assumptions that go
into the LF no-go theorem with those for Bell’s the-
orem. First, we note that the assumption of AOE
is implicit in the derivation of Bell inequalities (for a
derivation in which it is explicitly included see ref.24,
where it is called “macroreality”). If, as is common,
we also formulate Bell’s theorem using the other two
assumptions of LF, namely NS and L (or “parameter
independence”), then an additional assumption is also
required. The minimal extra assumption required is
“outcome independence”21, which in the bipartite sce-
nario is the requirement that P (a|bxyλ) = P (a|xyλ),
P (b|axyλ) = P (b|xyλ) ∀a, b, x, y, λ (c.f. the definition of
L in section Formalization of the Local Friendliness
Assumptions). The above makes it clear that the LF as-
sumption is strictly weaker than the set of assumptions
for Bell inequalities. Thus, the conclusions we could de-
rive from an empirical violation of the LF inequalities are
strictly stronger.
In particular, one popular way to accommodate the
violation of Bell inequalities is to reject outcome inde-
pendence (which is violated by operational quantum the-
ory24) while maintaining L and NSD. The present the-
orem shows that this strategy does not extend to the
EWFS. If the LF inequalities were violated empirically,
then in order to maintain L and NSD, one would have to
reject AOE.
It is important to keep in mind that it is much harder
to satisfy the conditions for an experimental violation
of the LF inequalities than of Bell inequalities. A fully
convincing demonstration would require a strong justifi-
cation for the attribution of a “fact” to the friend’s mea-
surement. This, of course, depends on what counts as an
“observer” (and what counts as a “measurement”). Since
conducting this kind of experiment with human beings
is physically impractical, what do we learn from experi-
ments with simpler “friends”?
Wigner’s own conclusion from his thought experiment
was that the collapse of the wave function should happen
at least before it reaches the level of an “observer”. The
concept of an “observer”, however, is a fuzzy one. Objec-
tive collapse theories12 attempt to restore the absolute
reality of observed events by postulating modifications
to the quantum dynamics to guarantee that collapse oc-
curs before a quantum superposition reaches the macro-
scopic level. In other words, this resolution requires ob-
served events to correspond to sufficiently macroscopic
irreversible physical processes. In that case, the LF in-
equalities would not be violated with actual observers.
Clearly, our experiment (and that of ref.17) did not probe
collapse theories. Therefore, an open possibility is that
the LF assumptions are valid, but that nature forever for-
bids the observation of violation of LF inequalities with
observers, whether because of objective collapse or some
other limitation on coherent quantum control.
A challenge to the above resolution of the LF no-go
theorem could come from experiments involving AI (ar-
tificial intelligence) agents in a quantum computer. If
universal quantum computation and strong AI are both
physically possible, it should be possible to realize quan-
tum coherent simulations of an observer and its (virtual)
environment, and realize an extended Wigner’s friend ex-
periment. Note that the experiment can even be con-
ducted with a single friend, which would already allow
testing Semi-Brukner inequalities (4). Towards the goal
of challenging the LF no-go theorem, experiments can
test agents of increasing complexity; an experimental vi-
olation of LF inequalities with a given class of physical
systems as “friends” implies that either the LF assump-
tions are false, or that class of friends is not an “observer”.
At the same time, more prosaic loopholes in our exper-
iment could be overcome, by implementing shot-by-shot
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randomized measurement settings, space-like separation
between the parties’ events, and high detection efficien-
cies.
Among interpretations of quantum mechanics that al-
low, in principle, the violation of LF inequalities, The-
orem 1 can be accommodated in different ways. Inter-
pretations that reject AOE include QBism6,7, the rela-
tional interpretation5, and the Many-Worlds interpre-
tation4. Bohmian mechanics8,9 violates L but not the
other assumptions. Some authors advocate giving up
NSD (either due to retrocausality10, superdeterminism11,
or other mechanisms); however, as yet, no such theory
has been proposed that reproduces all the predictions of
quantum mechanics.
Finally, we note that after one of us presented the re-
sults of this article in a recent conference, it was brought
to our attention that the LF polytopes have been inde-
pendently studied in ref.36 under the name of “partially
deterministic polytopes”, from an information-theoretic
motivation: they are connected to the problem of device-
independent randomness certification (see, e.g., refs.37–39
and references therein) in the presence of no-signalling
adversaries.
METHODS
Spontaneous parametric down-conversion source
The source is made up of an imbalanced pump-beam
interferometer (one arm of the interferometer is longer
than the other) and two orthogonally oriented (sand-
wiched) bismuth triborate (BiBO) crystals40, which are
pumped by a 404 nm continuous wave laser diode to pro-
duce spontaneous parametric down-conversion. The rel-
ative pump power in the interferometer arms determines
the µ parameter of the state and is controlled by the half-
wave plate (HWP) after the laser. When all the pump
power is in the short arm, the first term of the quantum
state, the singlet state, is generated (after a local polar-
ization rotation in the fiber). Conversely, when all the
pump power is in the long arm, only the second term, a
mixed state, is generated. The beams in both arms are
recombined in the non-polarizing beam splitter to pump
the sandwiched crystal, generating the desired quantum
state.
The polarization in the short arm is rotated to diag-
onal by a HWP and an additional birefringent element
is used to pre-compensate the temporal walk-off in the
down-conversion. The polarization in the long arm is also
rotated to diagonal by a HWP and a birefringent crystal
decoheres the horizontal and vertical polarization com-
ponents completely, which is necessary to generate the
mixed part of the state.
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Supplementary Information
A. LHV CORRELATIONS AS A SUBSET OF LF CORRELATIONS
Recall that a set of correlations has a LHV model if and only if there exists a probability distribution P (λ) over a
set of variables λ ∈ Λ such that
℘(ab|xy) = Σλ∈ΛP (a|xλ)P (b|yλ)P (λ), (S.1)
for all values of the variables a, b, x, y. We now derive the general form for an LF model. From Absoluteness of
Observed Events (AOE) and No-Superdeterminism (NSD), we have that:
℘(ab|xy)AOE=
∑
c,d
P (abcd|xy)NSD=
∑
c,d
P (ab|cdxy)P (cd). (S.2)
From Locality(L), we can decompose the first term on the right-hand side in two ways:
P (ab|cdxy) = P (a|bcdxy)P (b|cdxy)L=P (a|bcdxy)P (b|cdy) (S.3)
or
P (ab|cdxy) = P (a|cdxy)P (b|acdxy)L=P (a|cdx)P (b|acdxy). (S.4)
Note, however, that we cannot further reduce these expressions with Locality alone—reinforcing the fact that
Locality is a weaker assumption than local causality (which leads to a LHV model). However, by construction,
when x = 1 we have a = c, and when y = 1, b = d. Then, if x = 1, P (a|bcdxy) = δa,c, and if y = 1, P (b|acdxy) = δb,d.
When taking this, along with Eqs. (S.3) and (S.4), into account, we obtain from Eq. (S.2)
℘(ab|xy) =

∑
c,d δa,cP (b|cdy)P (cd) if x = 1∑
c,d δb,dP (a|cdx)P (cd) if y = 1∑
c,d PNS(ab|cdxy)P (cd) if x 6= 1, y 6= 1
, (S.5)
where PNS(ab|cdxy) denotes some joint probability distribution that satisfies the condition of Locality. For any
fixed values of c and d, it is easy to see that the set of PNS(ab|cdxy) is simply the no-signalling polytope with one less
measurement setting for both Alice and Bob32 (thus the NS subscript). In general, because of the additional structure
given by the first two lines of Eq. (S.5), the set of LF correlations only forms a subset of the no-signalling polytope.
To see that LHV correlations are also LF correlations, we first recall from ref.29 that correlations of the form of
Eq. (S.1) can always be decomposed in terms of the extreme points of the set of such correlations. To this end, it is
expedient to write the hidden variable as λ = (λA1 , λB1 , λA2 , . . . λBN ), with λ
A
x and λBy parameterizing all possible local
deterministic strategies, i.e.,
P (a|xλ) = δa,λAx , P (b|yλ) = δb,λBy . (S.6)
We may now rewrite Eq. (S.1) as:
℘(ab|xy) =
∑
λ
δa,λAx δb,λBy P (λ). (S.7)
This is now readily cast in the form of Eq. (S.5) if we set λA1 = c and λB1 = d. For example, if x = 1, we get
℘(ab|x = 1, y) =
∑
c,d,λA2 ,...,λ
B
N
δa,c δb,λBy P (cdλ
A
2 . . . λ
B
N ),
=
∑
c,d,λBy
δa,c δb,λBy P (cdλ
B
y ),
=
∑
c,d
δa,c
∑
λBy
δb,λBy P (λ
B
y |cd)
P (cd),
=
∑
c,d
δa,c P (b|cdy)P (cd),
(S.8)
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which is clearly of the form given in the first line of Eq. (S.5). The proof for the y = 1 case is completely analogous.
Similarly, for the case where x 6= 1, y 6= 1, we can again make use of λA1 = c, λB1 = d and Eq. (S.7) to arrive at:
℘(ab|xy) =
∑
c,d,λA2 ,...,λ
B
N
δa,λAx δb,λBy P (cdλ
A
2 . . . λ
B
N ),
=
∑
c,d,λAx λ
B
y
δa,λAx δb,λBy P (cdλ
A
x λ
B
y ),
=
∑
c,d
 ∑
λAx ,λ
B
y
δa,λAx δb,λBy P (λ
A
x λ
B
y |cd)
P (cd),
=
∑
c,d
P (ab|cdxy)P (cd).
(S.9)
From the second last line of Eq. (S.9) and the fact that a (b) is entirely decided by λAx (λBy ), we see that P (ab|cdxy) in
the last expression satisfies the condition of Locality (i.e.,
∑
a P (ab|cdxy) does not depend on y while
∑
b P (ab|cdxy)
does not depend on x). Thus, starting from LHV correlations for x 6= 1, y 6= 1, we recover the last line of Eq. (S.5).
Hence any correlation that satisfies Eq. (S.1) will also satisfy Eq. (S.5). Yet, the opposite is not necessarily true.
Therefore, LHV correlations are a subset of LF correlations.
B. CHARACTERIZATION OF LF CORRELATIONS
Consider a general scenario with N measurement settings per party, with O outcomes each. Note that we can
always rewrite Eq. (S.5) in the form
℘(ab|xy) =

∑
λ δa,c(λ)℘
(j(λ))
Ext (b|y)P (λ) if x = 1∑
λ δb,d(λ)℘
(j(λ))
Ext (a|x)P (λ) if y = 1∑
λ ℘
(j(λ))
Ext (ab|xy)P (λ) otherwise ,
(S.10)
where λ is a variable that determines the values of c(λ), d(λ), and that of a variable j(λ) that labels the (finitely
many) extreme points of the no-signalling polytope with N − 1 inputs and O outputs per party, and ℘(j)Ext(a|x) =∑
b ℘
(j)
Ext(a, b|x, y) and ℘(j)Ext(b|y) =
∑
a ℘
(j)
Ext(a, b|x, y) are the marginal distributions of these extremal boxes.
It is easy to see from the above that this set of correlations is convex. That is, for any two points ℘1(ab|xy) and
℘2(ab|xy), both satisfying the LF conditions, any convex combination ℘′(ab|xy) = α℘1(ab|xy) + (1 − α)℘2(ab|xy),
with 0 < α < 1, also satisfies those conditions. The set of LF correlations is therefore a polytope.
For the two-measurement-setting case (N = 2), the ℘(j)Ext(a, b|x, y) now refer only to the case x = y = 2, and the
extreme points are now simply deterministic functions for a, b. Thus, we recover an LHV model for any value of O,
in agreement with Brukner’s result for N = O = 2.
Next, we consider the LF polytope for the N = 3, O = 2 scenario. Without loss of generality, we label the outcomes
as a, b ∈ {+1,−1}. From Eq. (S.10), the set of LF correlations ~℘ = {℘(a, b|x, y)}a,b=℘1,x,y=1,2,3 is the convex hull of
the extreme points {~℘(λ)(a, b|x, y)}λ defined by
P (λ)(a, b|x, y) =

δa,c(λ)δb,d(λ) : x = y = 1
δa,c(λ)℘
(j(λ))
Ext (b|y) : x = 1, y 6= 1
℘
(j(λ))
Ext (a|x)δb,d(λ) : x 6= 1, y = 1
℘
(j(λ))
Ext (a, b|x, y) : x 6= 1, y 6= 1
. (S.11)
Since there are four combinations of (c, d) corresponding to 22 local deterministic strategies for the first inputs, and
24 extreme points for the aforementioned no-signalling polytope32, we thus end up with 96 points in this set.
By writing the components of these points in a text file and feeding the latter into the freely available software
PANDA—which allows one to transform between the two representations of a polytope using the parallel adjacency
decomposition algorithm41—we obtain the complete set of 932 LF facets for this scenario. Many of these inequalities
can be transformed from one to another under a relabeling of parties (Alice ↔ Bob), inputs (x = 2↔ x = 3 and/or
y = 2 ↔ y = 3), and/or outputs (a = +1 ↔ a = −1 and/or b = +1 ↔ b = −1). With the exception of the settings
for x = 1 and y = 1, the rest of these labelings are arbitrary. Taking advantage of this arbitrariness, we may group
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the obtained facets into the following 9 inequivalent classes (written in terms of correlators, where Ai is a random
variable representing the measurement result for x = i and taking values {−1,+1}; similarly for Bj):
1. Genuine LF facet 1 (appearing 256 times among the 932 facets):
−〈A1〉 − 〈A2〉 − 〈B1〉 − 〈B2〉
−〈A1B1〉 − 2〈A1B2〉 − 2〈A2B1〉+ 2〈A2B2〉
−〈A2B3〉 − 〈A3B2〉 − 〈A3B3〉 ≤ 6
(S.12a)
2. Genuine LF facet 2 (appearing 256 times):
−〈A1〉 − 〈A2〉 − 〈A3〉 − 〈B1〉
−〈A1B1〉 − 〈A2B1〉 − 〈A3B1〉 − 2〈A1B2〉
+〈A2B2〉+ 〈A3B2〉 − 〈A2B3〉+ 〈A3B3〉 ≤ 5
(S.12b)
3. Bell I332230 with marginals over input 1 and 2 (appearing 256 times):
−〈A1〉+ 〈A2〉+ 〈B1〉 − 〈B2〉
+〈A1B1〉 − 〈A1B2〉 − 〈A1B3〉 − 〈A2B1〉
+〈A2B2〉 − 〈A2B3〉 − 〈A3B1〉 − 〈A3B2〉 ≤ 4
(S.12c)
4. Bell I3322 with marginals over input 2 and 3 (appearing 64 times):
−〈A2〉 − 〈A3〉 − 〈B2〉 − 〈B3〉
−〈A1B2〉+ 〈A1B3〉 − 〈A2B1〉 − 〈A2B2〉
−〈A2B3〉+ 〈A3B1〉 − 〈A3B2〉 − 〈A3B3〉 ≤ 4
(S.12d)
5. “Brukner inequality”: Bell-CHSH for input 1 and 2 (appearing 32 times):
〈A1B1〉+ 〈A1B2〉+ 〈A2B1〉 − 〈A2B2〉 ≤ 2 (S.12e)
6. “Semi-Brukner” inequality: Bell-CHSH for input 2, 3 of Alice, and input 1, 2 of Bob (appearing 32 times):
〈A2B1〉+ 〈A2B2〉+ 〈A3B1〉 − 〈A3B2〉 ≤ 2 (S.12f)
7. Positivity for input 1 of Alice and input 1 of Bob (appearing 4 times):
1 + 〈A1〉+ 〈B1〉+ 〈A1B1〉 ≥ 0 (S.12g)
8. Positivity for input 1 of Alice and input 2 of Bob (appearing 16 times):
1 + 〈A1〉+ 〈B2〉+ 〈A1B2〉 ≥ 0 (S.12h)
9. Positivity for input 2 of Alice and input 2 of Bob (appearing 16 times):
1 + 〈A2〉+ 〈B2〉+ 〈A2B2〉 ≥ 0 (S.12i)
Note that some Bell facets for this scenario are not facets of LF and thus do not appear in the list above, e.g., the
Bell-CHSH inequalities that do not include any input 1 for either party:
〈A2B2〉+ 〈A2B3〉+ 〈A3B2〉 − 〈A3B3〉 ≤ 2 (S.13)
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C. MAXIMAL QUANTUM VIOLATIONS OF THE GENUINE LF INEQUALITIES
By implementing a see-saw type algorithm (see, e.g., refs.42–44 and references therein), one finds that the Genuine
LF inequality 1 (S.12a), with an LF upper bound of 6, can be violated by quantum correlations up to 7.345 using
a partially entangled two-qubit state (with Schmidt coefficients approximately given by 0.776 and 0.631) and rank-1
projective measurements. Moreover, it can be verified by solving a converging hierarchy45–47 of semidefinite programs
that this quantum violation is (within a numerical precision of 10−7) the maximum allowed in quantum theory. In
terms of noise robustness, this quantum strategy can tolerate up to 18.3% of white noise before it stops beating the
LF bound.
For Genuine LF inequality 2 (S.12b) (with an LF upper bound of 5), the best quantum violation that we have found
is 5.880, which apparently can only be achieved using a partially entangled two-qutrit state (with Schmidt coefficients
approximately given by 0.645, 0.570, and 0.509) and a combination of rank-2 and rank-1 projectors in the optimal
measurements. As with the case of Genuine LF inequality 1, this quantum violation is provably optimal (within a
numerical precision of 10−7) using the solution obtained from solving some semidefinite programs. The white-noise
tolerance of this inequality is somewhat worse than the other Genuine LF inequality, giving approximately 18.0%.
D. FURTHER INFORMATION ABOUT FIGURE 3
Here, we provide further details on the 2-dimensional slice of the space of correlations presented in Fig. 3. A
variant of this figure containing the same slice, but with further salient features added, is shown in Fig. S.1. Any such
2-dimensional slice is spanned by three affinely-independent correlations in this space (see, e.g., ref.48). In our case,
the chosen slice is spanned by the uniform (white-noise) distribution ~℘0
℘0(ab|xy) = 14 , ∀ a, b, x, y, (S.14)
an extreme point of the LF polytope:
℘ExtLF (ab|xy) =δxy,1δa,−1δb,1
+ 12 [δx,1δa,−1(1− δy,1) + δy,1δb,1(1− δx,1)]
+ 14
[
1 + (−1)xy−x−yab] (1− δx,1)(1− δy,1), (S.15)
and a symmetrical quantum correlation, written in the Collins-Gisin form (see, e.g., Eq. (9) of ref.30):
℘MaxQ :
 0.554 0.409 0.5370.554 0.197 0.021 0.1500.409 0.021 0.311 0.040
0.537 0.150 0.040 0.109
 , (S.16)
i.e., the i-th row of the left-most column represent Alice’s marginal probability ℘MaxQ (+1|x = i− 1), the j-column of
the top row represent Bob’s marginal probability ℘MaxQ (+1|y = j−1), while the remaining entries at the i-th and j-th
column represent the joint probability ℘MaxQ (+1,+1|x = i − 1, y = j − 1). The quantum correlation ~℘MaxQ is the one
that maximally violates Genuine LF inequality 1, giving a value of 7.345, as explained in Sec. C.
In our plot, we have chosen the left-hand side of Eq. (S.12a) to label our horizontal axis and the negative of the
left-hand side of Eq. (S.12f) to label our vertical axis. Different choices would lead to affine transformations of the
plot. Also shown in the figure are a dashed vertical line and a dashed horizontal line intersecting at ~℘ExtLF . These
dashed lines mark a projection of the boundary of the LF polytope—as given by inequality (S.12a) and a relabeling
of inequality (S.12f) to give a lower bound of −2 as allowed by LF correlations—on the plane that we have chosen.
Note also that the set of LHV correlations (coloured green in the figure) could also touch this boundary of −2, but
this does not take place on the 2-dimensional plane that we have chosen.
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Fig.S.1. Detailed version of Fig. 3 from the main text. The 2-dimensional slice of the space of correlations is the same
as in Fig. 3. This slice is spanned by the three points ℘0, ℘ExtLF , and ℘MaxQ , defined in Eqs. (S.14), (S.15), and (S.16), respectively.
The horizontal axis and the vertical axis label, respectively, the left-hand side of Eq. (S.12a) and negative of the left-hand side
of Eq. (S.12f). Accordingly, the blue dashed lines demarcate the intersection of the boundary of these facets (each representing
a half space) with this 2-dimensional slice. In other words, the LF polytope (even beyond this 2-dimensional slice) has to lie
above the horizontal dashed line and to the left of the vertical dashed line.
E. EXPERIMENTAL QUANTUM STATES
We obtain the experimental quantum states through tomographic state reconstruction based on maximum-likelihood
estimation. For each experimental state ρexp, the highest Uhlmann–Jozsa fidelity49
[
Tr
(√√
ρexpρµ
√
ρexp
)]2
with
the family of states ρµ is provided in Table S.I, along with the corresponding best µ value. Uncertainties are estimated
based on Monte Carlo simulations using 100 samples of Poisson-distributed photon counts.
µ-parameter Fidelity
0.992 ± 0.002 0.9789 ± 0.0007
0.921 ± 0.002 0.9883 ± 0.0007
0.866 ± 0.002 0.9887 ± 0.0007
0.809 ± 0.002 0.9868 ± 0.0007
0.798 ± 0.002 0.9873 ± 0.0007
0.744 ± 0.002 0.9824 ± 0.0007
TABLE S.I. Characterization of the six experimental states with respect to the family of target states.
